Oxidative stress affects a wide variety of different cellular processes. Now, an increasing number of proteins have been identified that use the presence of reactive oxygen species or alterations in the cellular thiol-disulfide state as regulators of their protein function. This review focuses on two members of this growing group of redox-regulated proteins that utilize a cysteine-containing zinc center as the redox switch: Hsp33, the first molecular chaperone, whose ability to protect cells against stress-induced protein unfolding depends on the presence of reactive oxygen species and RsrA, the first anti-sigma factor that uses a cysteine-containing zinc center to sense and respond to cellular disulfide stress. Antioxid. Redox Signal. 8,[835][836][837][838][839][840][841][842][843] [844] [845] [846] 
A
EROBIC METABOLISM IS AN INEVITABLE SOURCE of reactive oxygen species (ROS) such as superoxide anion radicals (O 2 •Ϫ ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (HO•) (4, 37) . These compounds are capable of modifying most cellular components including nucleic acids, lipids, and proteins. In proteins, ROS can cause irreversible side chain and backbone modifications and can lead to protein unfolding and aggregation, as well as to their premature degradation (37) . While protein cofactors like the Fe-S clusters of aconitase and fumarase are particularly sensitive to oxidation by O 2 •Ϫ (20, 58) , H 2 O 2 preferentially oxidizes methionine residues and the thiol groups of cysteine residues (75) . Hydroxyl radicals, on the other hand, which are described as the most reactive oxygen species known in biology, are less specific and damage most biomolecules as soon as they come into contact (28, 37, 73, 76) . To counteract these reactive oxygen species, all aerobically growing organisms express a set of proteins and synthesize various small molecules (e.g., glutathione) that eliminate ROS and reverse some of the oxidative protein modifications (5, 71) . Superoxide dismutase, for instance, converts superoxide anions into hydrogen peroxide and oxygen, whereas catalase, glutathione peroxidase, and peroxiredoxins reduce and detoxify peroxides into alcohols or H 2 O. Disulfide reductases like thioredoxin and glutaredoxin, on the other hand, reduce unwanted disulfide bonds in cytosolic proteins (for review, see Refs. 13, 34, 70) , while methionine sulfoxide reductases reduce methionine sulfoxides (62) . All of these proteins, while constitutively expressed, can be upregulated in response to different kinds of oxidative stress (78) .
Over the past few years, an increasing number of physiological and pathological conditions such as aging, neurodegenerative diseases, diabetes, and cancer have been found to be linked to the cellular accumulation of reactive oxygen species (2, 19, 49, 52) . This condition, generally termed oxidative stress, occurs when the level of ROS present inside the cells become so high that the cellular antioxidative defense mechanisms become overwhelmed and the damaging effects of ROS begin to take over. It is defined as "a disturbance in the prooxidant-antioxidant balance in favor of the prooxidant, leading to potential damage" (73) . This balance can be modified either by exposure to exogenous compounds or by mutations in one of the antioxidant systems. Oxidative stress is related and partially overlapping with disulfide stress, a stress condition which occurs upon changes in the cytoplasmic thiol-disulfide redox balance (5) . Disulfide stress, which is induced by redox cycling reagents and antibiotics (32, 48) 
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also causes the formation of nonnative disulfide bonds and can lead to enzyme inactivation, protein aggregation, and degradation.
To prevent the severe oxidative damage that the accumulation of ROS can cause on cellular macromolecules, cells have developed additional strategies to combat the increased levels of ROS (for review, see Refs. 57 and 66) . These strategies involve redox-regulated proteins that sense the presence of high ROS concentrations and adjust their functional activities accordingly. Some of the known redox-regulated proteins include the oxidative stress-sensing transcription factors in Escherichia coli and Saccharomyces cerevisiae, which either become directly activated by oxidative stress (e.g., OxyR) or modify their cellular localization in response to oxidative stress (e.g., Yap1p) (46, 51, 87) . Both strategies lead to the specific induction of antioxidant gene transcription (17, 54, 77) . Metabolic enzymes such as glyceraldehyde-3-phosphate dehydrogenase (GapDH) (16) have been shown to be redoxregulated. In response to elevated ROS levels, GapDH becomes reversibly oxidized and inactivated. This causes the rapid downregulation of glycolysis upon exposure to oxidative stress in both prokaryotes and eukaryotes (14, 74) . In our laboratory, we have discovered that oxidative stress leads to the specific activation of the molecular chaperone Hsp33, which effectively protects proteins against stress-induced unfolding and aggregation processes (40, 84) . More recently, the function of several kinases (e.g., protein kinase C) and phosphatases (e.g., PTEN) has been shown to be redoxsensitive (18, 24) . The functional diversity of the identified redox-regulated proteins reflects the many different fundamental cellular functions that are either directly or indirectly influenced by oxidative stress. This might provide an explanation for the finding that at least 10% of the yeast transcriptome is altered by oxidative stress (11) .
Cysteine-The amino acid of choice to sense oxidative stress in vivo
How do redox-regulated proteins sense ROS and react to their presence by altering their functional activity? Although it is now clear that the mechanisms of redox-regulation are highly diverse, one feature that most redox-regulated proteins have in common is the presence of one or more highly reactive cysteine residues, which become reversibly modified upon exposure to oxidative stress.
The amino acid cysteine confers exceptional versatility to proteins due to the unique biochemistry of its thiol group (22, 23) . Cysteines are able to stabilize proteins by forming disulfide bonds, to coordinate metal and to undergo redox reactions. The amino acids cysteine and serine differ only by the substitution of sulfur for oxygen, yet cysteine can participate in many reactions that serine cannot. This is due to the chemical differences between the two Group 16 elements sulfur and oxygen. Thiol groups are more easily deprotonated than alcohols (pK a Cys = 8.3, pK a Ser > 14) and strongly bind to Lewis acids, including transition metals like zinc. The presence of nearby positively charged groups (i.e., metals or basic amino acyl side chains) further decrease the pK a of a cysteine residue, thus enhancing its reactivity. These properties, which make cysteines such versatile building blocks in proteins, also make them highly vulnerable to oxidation by reactive oxygen species. Depending on the local environment and therefore the reactivity of the thiol group in the protein structure, cysteines can either undergo reversible thiol modifications like disulfide bond, sulfenic acid and disulfide-S-oxide formation, or form irreversible oxidation products such as sulfinic and sulfonic acids (for review, see Refs. 15 and 21, and Leichert and Jakob, this issue, pp. 763-772). Mechanistic analysis of redox-regulated proteins revealed that most of the known reversible thiol modifications have found use as redox sensors in one protein or another (8, 57) . The modification of thiol groups often leads to major conformational changes in redox-regulated proteins. Depending on the affected proteins, this can cause alterations in the affinity to partner proteins (e.g., RsrA) or DNA promoter sequences (e.g., OxyR, OhrR), can lead to changes in the oligomerization state of the protein (e.g., Hsp33), or can alter the reactivity towards effector molecules (e.g., protein kinase C) or the accessibility of subcellular targeting sequences (e.g., Yap1p) (24, 47, 57, 66) .
Zinc centers as redox switches
Many redox-regulated proteins such as GapDH, OxyR, Yap1p, and p53 simply use the presence of one or more reactive cysteine residues as redox sensors, while others such as SoxR and FNR use the redox-sensitive metal iron as the redox sensor (44, 79) . In the first case, the redox chemistry occurs at the sulfur atoms of cysteine residues, whereas in the second case the metal will undergo oxidation/reduction reactions. In this review, we will focus on a subclass of redoxregulated proteins that utilize a cysteine-coordinating zinc center as the redox switch. The fact that zinc is a redox-inert metal ensures that all the redox chemistry occurs at the coordinating cysteines, rather than the metal itself; therefore, unwanted side reactions with water or oxygen to create additional ROS are minimized.
Zinc coordination, which is in most cases tetrahedral in geometry (29) , has originally been shown to either play a catalytic or a structural role in proteins. In catalytic zinc sites as found for instance in hydrolases, two or three zinc ligands (most often His or Glu/Asp) are provided by the protein while the remaining coordination sites are occupied by either water or substrate (60) . In structural zinc sites, on the other hand, all four coordination sites are occupied by side chains of the protein (usually Cys or His) leading to the exclusion of the solvent (60) . Based on the observation that the stabilization energy provided by structural zinc sites is very similar to the stabilization energy that is provided by covalent disulfide bonds (81) , structural zinc sites have also been termed "metal cross-links" (9) .
In a number of zinc-binding proteins including Hsp33 (25) , RsrA (65) , and protein kinase C (24), structural zinc sites have now been found to play an additional role. These proteins use their thiol-coordinated zinc sites as redox switches, to sense and react to high levels of ROS and/or disulfide stress in vivo. This might be possible because zinc acts as Lewis acid and accepts electron pairs from the thiol groups (31) . This lowers the pK a of the thiol groups and maintains them in their nucleophilic and highly reactive deprotonated thiolate anion state at neutral pH. Zinc binding, therefore, appears to prime the cysteine ligands for high reactivity with electrophilic ROS (38) . At the same time, and by an unknown mechanism, zinc binding appears to protect cysteines in RsrA and Hsp33 from nonspecific air oxidation (55; unpublished observations). Upon exposure to strong oxidants like ROS or diamide, however, the cysteines are quickly oxidized, and zinc is released. This causes the destruction of the structural zinc site with all its conformational consequences, which explains how the oxidative modification of only a few amino acids can lead to such dramatic functional changes in an entire protein.
HSP33, A REDOX-REGULATED MOLECULAR CHAPERONE

Hsp33-member of a large redox-regulated chaperone family
Hsp33 is a member of a new family of redox-regulated chaperones, which is regulated on the transcriptional level by heat shock and on the posttranslational level by the presence of ROS (40) . Database searches revealed Hsp33 homologues in nearly every prokaryotic species sequenced to date. Eukaryotic Hsp33 homologues have been identified in Chlamydomonas reinhardtii, Dictyostelium discoideum, and in three different species of the Trypanosomatidae family. While the prokaryotic homologues are localized to the reducing environment of the cytoplasm, the five eukaryotic Hsp33 homologues are predicted to encode putative N-terminal mitochondrial targeting signals (http://psort.nibb.ac.jp). Multiple sequence alignments of all these proteins revealed a nearly absolutely conserved cysteine-containing motif CXCX (27) (28) (29) (30) (31) (32) CXXC in the C-terminal domain of the protein, which plays an essential role for Hsp33's functional regulation.
Escherichia coli Hsp33, which is encoded by the gene hslO, was first discovered by Chuang and Blattner in 1993 as part of their global analysis of the E. coli heat-shock regulon (12) . Hsp33 is a 32.8 kDa protein that is constitutively expressed under nonstress conditions and whose protein amount increases up to twofold (3 µM) upon shift to heat-shock temperature. Early on, Hsp33 was identified to function as a highly potent molecular chaperone in E. coli (40) . What makes Hsp33 so unique among molecular chaperones is its functional regulation. Most known chaperones including GroEL and DnaK continuously cycle between low and high affinity binding states depending on their nucleotide binding status (86) . For example, DnaK switches from a low affinity binding state in the presence of ATP to a high affinity binding state upon ATP hydrolysis. Hsp33, however, appears to be permanently in a low affinity binding state during nonstress conditions. When cells are exposed to ROS at elevated temperatures, however, the chaperone function of Hsp33 is specifically activated to protect cells against the otherwise lethal consequences of oxidative stress (40, 84) .
Using a zinc center to "switch off" a chaperone
Purification of overexpressed Hsp33 from nonstressed E. coli cells yields high concentrations of reduced, chaperoneinactive and monomeric protein, even in the absence of reducing conditions in the buffer (40) . Biochemical analysis of the purified protein revealed that the four highly conserved cysteines in the C 232 XC 234 X (27) (28) (29) (30) (31) (32) C 265 XXC 268 motif of Hsp33's C-terminal region are involved in the high affinity binding of one zinc(II) ion (K a > 10 17 M Ϫ1 , 25ºC at pH 7.5) (39) . This significantly stabilizes the reduced protein and maintains Hsp33 in an inactive state (Fig. 1) . These findings were confirmed by the recently solved NMR structure of the isolated C-terminal zinc-binding domain of Hsp33 from E. coli (85) as well as by the crystal structures of the full length reduced Hsp33 dimer from Bacillus subtilis (41) and Thermotoga maritima (42) . These structures showed that the zinc binding site of Hsp33 forms a very compact folding unit, in which zinc binds to the four conserved cysteines of Hsp33 in tetrahedral geometry. Although the structure of the reduced Hsp33 monomer has yet to be solved, mutational studies on Hsp33 suggest that the zinc binding domain blocks both the substrate-binding site as well as the dimerization interface of Hsp33 (26) . This explains why reduced and zinc coordinated Hsp33 is monomeric and inactive in the reducing environment of the E. coli cytosol under nonstress conditions.
Zinc center meets ROS-activation of a molecular chaperone
Upon exposure of Hsp33 to oxidants such as H 2 O 2 or HO • , zinc is rapidly released (27, 40) (Fig. 1 ). This is probably caused by the oxidative modification of the coordinating cysteines, which form two intramolecular disulfide bonds between the nearby cysteines, connecting C 232 with C 234 , and C 265 with C 268 (7). These four highly conserved cysteines appear to be the primary targets of ROS and their rapid oxidation forms the basis of the redox-regulation of Hsp33. How does disulfide bond formation and zinc release lead to the activation of Hsp33's chaperone function? We found that the oxidation of Hsp33's zinc center induces the unfolding of the Cterminal redox switch domain of Hsp33 (Fig. 1) . This unfolding appears to unmask the substrate binding site and dimerization interface in Hsp33 and allows Hsp33 to switch from low affinity monomers to high affinity dimers (26) . The structure of the reduced form of the C-terminal domain of Hsp33 is stabilized by the high affinity coordination of zinc to two pairs of cysteine residues that are far apart in primary sequence. This brings together distant regions of the redox domain, much like a button fastens together two sides of a shirt. Release of the zinc due to oxidative stress induced disulfide bond formation unfastens this button, and causes the unfolding of this domain.
The finding that disulfide bond formation in Hsp33 causes domain unfolding was very much in contrast to the common belief that disulfide bonds are stabilizing and promote structure formation (83) . However, structural analysis of Hsp33's zinc binding domain revealed a weak hydrophobic core with ␣-helices that are further destabilized by ␤-branched valines and isoleucines (85) . This explained why the oxidation-induced loss of the stabilization energy provided by zinc binding leads to the destabilization of the secondary and tertiary structure of this domain and causes its unfolding. In addition, any stabilizing long-range interactions that are provided by metal binding are also being lost upon zinc release.
One consequence of the tetrahedral arrangement of cysteines in zinc centers is that the sulfur atoms are approximately equidistant from each other. Each cysteine should, therefore, be equally likely to form a disulfide bond with all three other cysteines. Such long-range disulfide bonds would be expected to confer a similar stabilization to the C-terminal domain as zinc coordination itself. This, however, might not lead to the unfolding of Hsp33's C-terminal domain, which is 838 ILBERT ET AL.
the necessary prerequisite for Hsp33's activation. To prevent the formation of such stabilizing long-range disulfide bonds in Hsp33, it was therefore postulated that unfolding of the redox domain must occur before disulfide bond formation, thus ensuring that disulfide bonds form solely between the cysteines nearby in primary sequence (85) . This suggested, however, that oxidative modifications other than disulfide bond formation would cause zinc release and the unfolding of the C-terminus, and would only later be resolved into disulfide bonds. One possible initial modification could be
FIG. 1. Hsp33
: central player of a redox-regulated chaperone network. Under nonstress conditions, Hsp33 is inactive. The C-terminal redox switch domain is in its off-position. All four absolutely conserved cysteines in this domain coordinate zinc. This apparently blocks the substrate binding site and dimerization interface of Hsp33. Upon exposure to oxidative stress (e.g., H 2 O 2 ) conditions, the redox switch domain of Hsp33 turns into its on-position. Two intramolecular disulfide bonds form and zinc is released. This induces important conformational changes in Hsp33 and lead to the unfolding of Hsp33's redox switch domain. Unfolding of the redox switch domain in combination with elevated temperature and increased in vivo concentration of Hsp33 supports the formation of highly active Hsp33 dimers. Activated Hsp33 dimers work independently of ATP and are able to bind to a large number of unfolded proteins and to maintain them in a folding competent state until nonstress conditions are restored. Upon return to reducing conditions, the cysteines in Hsp33 are reduced and Hsp33 forms reduced chaperone-active Hsp33 dimers. Only reduced Hsp33 dimers are able to transfer the substrate proteins onto the DnaK/DnaJ/GrpE system. While Hsp33 is specifically activated by oxidative stress conditions at elevated temperatures, DnaK is specifically and reversibly inactivated. This is caused by the rapid decrease in cellular ATP levels, which leaves DnaK's N-terminus thermolabile and prone to unfolding. Upon return to nonstress conditions, ATP levels are restored. This induces the rapid reactivation of DnaK, which can then accept the substrate proteins from Hsp33 and uses ATP to support their refolding to the native state. The exact mode of substrate transfer and Hsp33 inactivation is still under investigation.
sulfenic acid formation, which has been implicated to be the first oxidation step in OxyR and which later leads to disulfide bond formation with a nearby cysteine (53 After zinc release, disulfide bond formation and the unfolding of the C-terminal redox switch domain, two oxidized Hsp33 monomers associate to form highly chaperone active Hsp33 dimers (27) (Fig. 1) . The existence of Hsp33 dimers was first revealed when the crystal structures of two C-terminally truncated E. coli Hsp33 fragments (1-255 and 1-235, respectively) were solved (45, 82) . The two crystal structures showed Hsp33 as a domain swapped dimer, in which the polypeptide of one subunit crosses over after Pro178 to the other subunit. There, it forms three ␣-helices that pack against the outer surface of the other surface. It has yet to be determined whether domain swapping also occurs in solution. However, the finding that this largely hydrophobic interface confers most of the dimerization energy as it buries about 80% of the total 4900 Å 2 accessible surface area that are buried per protomer, suggests that it also occurs in solution. The rest of the dimerization interface is constituted by a number of highly conserved amino acids of the Hsp33 core domain, whose deletion renders the protein constitutively monomeric (45, 82) . In vitro studies show that dimerization plays an important part of Hsp33's activation process. It generates active Hsp33 dimers, which are able to prevent the aggregation of numerous unfolding substrate proteins in vitro (27) . Recently, the existence of higher oligomeric species of Hsp33 with increased affinity to unfolding substrate proteins were discovered in vitro (1). Formation of these higher oligomers was dependent on high salt or osmolytes. Both the nature of the oligomers and their physiological significance remain to be investigated.
Noteworthy, dimer formation of Hsp33 using hydroxyl radicals as oxidant was found to be both Hsp33 concentrationand temperature-dependent in vitro (27) . This is in contrast to disulfide bond formation and zinc release, which are both Hsp33 concentration-and temperature-independent processes (27) . It therefore appears that additional conformational changes beyond those induced by zinc release are required for the dimerization of Hsp33. These in vitro results, which showed that the activation of Hsp33 is most efficient upon oxidative stress at elevated temperatures, are in excellent agreement with phenotypical studies that showed that Hsp33 protects cells particularly against a combination of H 2 O 2 treatment at elevated temperatures (84) .
Hold me-hold me tight: the promiscuous chaperone holdase Hsp33
Oxidized and activated Hsp33 functions as an efficient chaperone holdase both in vitro and in vivo (27, 40, 84) . Chaperone holdases, which also include small heat shock proteins (sHsps), Hsp40 (DnaJ), and Hsp110, bind their substrate proteins in an ATP-independent manner and maintain them in a
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folding-competent state but do not support their refolding. Upon return to nonstress conditions, they usually transfer their substrate proteins to chaperone foldases such as Hsp70 (DnaK) family members, which support the refolding of the substrates using ATP hydrolysis to drive the folding process. As a holdase, Hsp33 was shown to form apparently stable complexes with its substrate proteins to prevent their aggregation. Even long-term incubation of Hsp33-substrate complexes at heat shock temperatures did not lead to any detectable release of the substrate proteins (33) . In vivo, Hsp33 was found to protect more than 80% of all aggregation-sensitive proteins in E. coli against irreversible aggregation under oxidative stress conditions at elevated temperatures (84) . These substrate proteins include numerous metabolic enzymes as well as proteins involved in transcription and cell division (84) . The binding site of Hsp33 for its substrate proteins remains yet to be identified. It has been shown that oxidation of Hsp33 significantly increases the extent of hydrophobic surfaces in the protein (26, 69) . These hydrophobic sites could potentially represent the substrate binding site(s) of Hsp33. In the case of other general chaperones such as DnaK or GroEL, the binding sites are also characterized by a number of highly conserved hydrophobic residues, which interact with hydrophobic amino acids that are solvent exposed in the partially unfolded substrate protein (35, 72) . Analysis of Hsp33's crystal structure revealed two potential substrate binding sites, which extend over and involve conserved hydrophobic residues of both subunits (45, 82) . Both sites are in the N-terminal domain of Hsp33. This agrees with functional studies that showed that a C-terminally truncated mutant (1-235) of Hsp33 exhibits chaperone activity in vitro (45) .
Closing the circle: inactivation of Hsp33
The inactivation of Hsp33 was found to require the return to nonstress conditions, which included both reducing conditions as well as nonstress temperatures (33) . It was originally hypothesized that reduction of Hsp33 should be sufficient for the inactivation of Hsp33 and the release of substrate proteins (80) . However, in vitro reduction studies demonstrated that reducing conditions alone are insufficient for substrate release (33) . Fluorescence anisotropy measurements showed that the reduction of oxidized Hsp33 dimers significantly precedes their dissociation and revealed the existence of a new species of Hsp33, the kinetically stable reduced Hsp33 dimer (33) . While substrate-free reduced Hsp33 dimers were found to eventually dissociate into the inactive reduced Hsp33 monomers, substrate-bound Hsp33 dimers do not dissociate unless the substrate is released (33) . This mechanism apparently allows Hsp33 to retain its full chaperone activity even after reducing conditions are restored and prevents premature substrate release in vivo under reducing, yet nonpermissive folding conditions.
What causes Hsp33 to release its substrate proteins? In vitro experiments demonstrated that the presence of the active DnaK/DnaJ/GrpE system (DnaK system) is required to release the substrate proteins from reduced Hsp33 dimers and to refold the substrate proteins (33) (Fig. 1) . The exact modus operandi of substrate transfer and Hsp33 inactivation is still unclear. As oxidized and reduced Hsp33 dimers appear to have very similar affinities for their substrate proteins (33), a simple competition between Hsp33 and the DnaK system for the substrate proteins seems unlikely. It appears more likely that reduction-induced conformational changes in Hsp33 allow the DnaK system to access the substrate proteins once Hsp33 is reduced. Alternatively, the DnaK system might actively participate in the dissociation of substrate-bound reduced Hsp33 dimers. This would return Hsp33 into its monomeric, inactive state and cause the substrate to be released.
It also remains to be investigated at what point during the reduction process of Hsp33 the C-terminal zinc-binding domain refolds. It is safe to assume that this occurs upon zinc reassociation and should be accompanied by major conformational rearrangements. These conformational changes induced by disulfide reduction and zinc-reassociation might involve the "un-swapping" of the C-terminal domains as suggested by the recently solved crystal structures of full length Hsp33 from B. subtilis (41) and T. maritima (42) . In both structures, Hsp33 is found in a reduced dimeric conformation with properly folded zinc binding domains and no apparent domain swapping. As previously described, active Hsp33 crystallized as a C-terminally domain swapped dimer (45, 82) . A dimer without domain swapping would presumably be less stable than a domain swapped dimer. As such, it would dissociate more easily in the absence of outside stabilization (i.e., substrate binding), thus perhaps allowing the DnaK system to actively dissociate reduced, but not oxidized, Hsp33 dimers. It remains to be determined to what extent the DnaK system is involved in these conformational rearrangements prior to dimer dissociation and whether domain unswapping is indeed the necessary prerequisite for substrate release and/or the inactivation of Hsp33 (41).
Hsp33's activation complements DnaK's inactivation
Hsp33 prevents the aggregation of a large variety of different proteins that unfold under extreme conditions of oxidative stress at elevated temperatures (84) . Interestingly, a significant number of Hsp33's substrate proteins have previously been shown to be substrate proteins of the DnaK system under heat shock conditions (84) . This raised the question why would cells require the presence of such a highly sophisticated chaperone like Hsp33 when the DnaK system is able to protect the same set of proteins against stress-induced unfolding? Comparative analysis of the chaperone function of Hsp33 and the DnaK system in vivo revealed that the very conditions that specifically activate Hsp33 lead to the transient inactivation of the DnaK system (Fig. 1) . The inactivation of DnaK is triggered by the rapid decrease in intracellular ATP concentration, which is the result of oxidative stress induced inactivation of GapDH, one of the key enzymes of glycolysis (64, 84) . This renders the Nterminal nucleotide binding domain largely nucleotide free in vivo and prone to unfold at elevated temperatures (61, 84) (Fig. 1) . The ATP-independent chaperone holdase Hsp33, which is activated by these very conditions, now binds the proteins that are usually protected by the DnaK system. Once reducing, nonstress conditions are restored, and the original 840 ILBERT ET AL.
ATP levels have returned to normal (84), the DnaK system reactivates, and Hsp33's cysteines are reduced. As outlined above, reduction of Hsp33 primes this chaperone holdase to release its substrate proteins to the chaperone foldase DnaK (Fig. 1) . Although substrate transfer between Hsp33 and the DnaK system has only been shown using in vitro substrates, the significant overlap in substrate proteins between Hsp33 and the DnaK system suggests that Hsp33 transfers a substantial number of its in vivo substrate proteins after oxidative stress onto the DnaK system for their successful refolding (84) .
RSRA, A REDOX-REGULATED ANTI-SIGMA FACTOR
RsrA, the Regulator of Sigma R activity is a member of a growing family of zinc containing anti-sigma factors. This family, which includes ChrR from Rhodobacter sphaeroides (36) , is characterized by the presence of a highly conserved HX 3 CX 2 C motif that is involved in zinc binding. RsrA was first discovered in Streptomyces coelicolor A3(2), a Grampositive organism of the actinomycetes group (43) . It was found to be involved in the redox-dependent regulation of sigma factor R ( R ) activity in response to cellular disulfide stress. Similar to Hsp33, RsrA appears to sense these cellular redox variations through a cysteine containing zinc center.
Sigma R-a cell's response to disulfide stress
Sigma R belongs to a large family of variable extracytoplasmic function (ECF) sigma factors, whose activation in response to environmental variations leads to the induction of specific target genes (30) . R was found to be involved in the protection of S. coelicolor cells against the thiol-specific oxidant diamide (67) . Diamide treatment of cells causes rapid changes in the cytoplasmic thiol-disulfide redox balance, a condition termed disulfide stress (5) . This leads to R activation and to the induction of the R regulon, which includes the trxBA operon, trxC, sigR itself and 27 other recently identified genes that are necessary to restore the original redox status of the cell (67, 68) .
RsrA: an inhibitor of sigma R activity under nonstress conditions
Sigma R is specifically activated by disulfide stress in vivo but does not contain any cysteines in its amino acid sequence. This immediately raises the question how R senses cellular disulfide stress in vivo? Analysis of the DNA sequence downstream of the sigR gene revealed a gene rsrA, which is translationally coupled to sigR and encodes for the seven cysteines containing protein RsrA. Functional analysis of the RsrA protein in vitro and in vivo revealed that it acts as the disulfide stress redox sensor in S. coelicolor that regulates R activity in the cell (43) .
Under nonstress conditions, RsrA binds to R and functions as its anti-sigma factor (43) (Fig. 2) . The interaction between RsrA and R , which was demonstrated in vitro using native PAGE and surface plasmon resonance, effectively prevents R from binding to RNA core polymerase and from inducing target gene expression. RsrA was shown to interact with the N-terminus of R (56) . This domain has a threedimensional structure, which is very similar to the structure of the RNA polymerase binding domain of the E. coli 70 family (56) . It was then demonstrated that RsrA competes with core RNA polymerase for binding to R (56) suggesting that the anti-sigma factor activity of RsrA is based on RsrA's ability to effectively out-compete RNA polymerase in binding to R .
Sensing disulfide stress in vivo means letting go of R
The interaction between RsrA and R binding was found to be strongly dependent on the redox state of RsrA (43) . Under nonstress conditions, RsrA was shown to bind to R , thereby inhibiting its transcriptional activity. The presence of the disulfide-generating oxidant diamide or H 2 O 2 , however, leads to the rapid dissociation of the RsrA/ R complex (6) (Fig. 2) . Once free, R is then able to bind to core RNA polymerase and to induce the expression of its target genes (43) . This was shown using in vitro transcription assays with the purified components and agreed with phenotypical studies of the rsrA deletion strain, which shows high levels of R activity and constitutively overexpresses its target genes, including the thioredoxin system (65) .
The redox sensitivity of the RsrA/ R interaction strongly suggested the involvement of cysteine residues in the regulation. In contrast to R , which does not contain any cysteine residues, RsrA contains seven cysteines in its sequence of 105 amino acids. The substitution of each individual cysteine residue for serine or alanine was carried out to first define the residues that are involved in the anti-sigma factor function of
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RsrA. This study revealed that each of the three highly conserved cysteines C 11 , C 41 , and C 44 ( Fig. 3) play an essential role in the anti-sigma factor function of RsrA and that they also are involved in the redox regulation (65) . Individual substitution of each of these residues led to RsrA variants that were no longer able to associate with R . These results suggested that the cysteines play a major role in the RsrA/ R interaction and provided an explanation as to how disulfide stress-induced modification of these cysteines could cause the dissociation of the RsrA/ R complex and the activation of the disulfide stress response.
To further investigate the role of these cysteine residues in RsrA, it was first tested whether disulfide stress conditions might cause the formation of disulfide bonds in RsrA. These experiments revealed that the in vitro oxidation of RsrA leads to the formation of different RsrA species with up to three disulfide bonds, with the most abundant subpopulation of RsrA containing two disulfide bonds (43) . The observation that only three of the seven cysteines in RsrA were absolutely essential for the anti-sigma factor activity of RsrA in vitro and in vivo suggested that only one disulfide bond might play an indispensable role in vivo (65) . This was confirmed by the analysis of an RsrA mutant protein, whose four nonessential cysteines were replaced by alanines. This mutant protein was found to be still redox regulated, suggesting the involvement of only one disulfide bond. (65) . To identify this critical disulfide bond in RsrA, Li et al. exposed purified RsrA to air oxidation in the presence of EDTA (55) . This RsrA preparation, which was inactive as an anti-sigma factor, contained only one disulfide bond. Mass spectrometric analysis revealed that this disulfide bond was formed between C 11 and either C 41 or C 44 , with the C 11 -C 44 subpopulation being three times more prominent than the C 11 -C 41 subpopulation (55) . At the same time, Bae et al. used MALDI-TOF analysis to
FIG. 2.
RsrA-a redox regulated anti-sigma factor. During nonstress conditions, RsrA has an N-terminal zinc center, which is essential for the association with its sigma factor R . This stable RsrA/ R interaction prevents binding of R to core RNA polymerase. Upon disulfide stress, at least one and possibly two disulfide bonds form and zinc is released. These events cause conformational rearrangements in RsrA, which lead to the dissociation of R . The sigma factor is then free to interact with core RNA polymerase and to induce the expression of its target genes. One of the target genes encodes for TrxA, which can reduce RsrA, thereby creating a feedback loop.
show the formation of two disulfide bonds in RsrA, the first one between C 11 and C 44 , confirming the findings of Li et al. (55) , and the second, probably less important disulfide bond, connecting C 41 and the less conserved C 61 (6) . These studies suggested that the formation of one disulfide bond most likely between C 11 -C 44 is sufficient to induce the necessary conformational changes in RsrA that lead to its inactivation and to the release of R (55) . The formation of a degenerate disulfide bond between C 11 and C 41/44 might be caused by nonspecific air oxidation or disulfide rearrangements of zincfree RsrA before the thiol trapping with iodoacetamide was complete (6, 55) .
Upon disulfide stress-induced R release, R associates with core RNA polymerase and induces the transcription of more than 27 different genes, including its own sigR gene (43) (Fig. 2) . What turns the R -response off? In vitro experiments revealed that oxidized RsrA is a substrate of purified thioredoxin, the product of the R -regulated trxA gene (43) . This finding suggests that thioredoxin-mediated reduction and reactivation of RsrA creates a simple feedback loop in which the R regulon is deactivated in response to the restoration of the thiol-disulfide redox balance in the cell. However, despite the fact that R positively regulates its own synthesis through the R promoter, the constitutive level of transcription of R target promoters in an rsrA null mutant is not higher than the level in the wild-type strain after 15 min of exposure to diamide (65) . This implies that additional mechanism such as proteolysis are involved in R regulation.
The redox switch in RsrA-a zinc center
How does the redox switch work in RsrA? The existence of near stoichiometric amounts of zinc in RsrA was first discovered using inductively coupled plasma atomic emission spectroscopy (ICP-AES) (65) . Later it was shown that zinc binds with extremely high affinity to RsrA (1.0 ϫ 10 17 M Ϫ1 at 23ºC, pH 7.6), suggesting that zinc plays a structural rather than a catalytic role in RsrA (6) (Fig. 3) , differs from the motif C 3 X 3 H 7 X 33 C 41 X 2 C 44 , which has previously been suggested to be involved in the zinc coordination of RsrA by Bae and coworkers (6) . This binding motif was suggested based on zinc binding studies of purified, zinc reconstituted cysteine and histidine mutants of RsrA. Although the C 3 X 3 H 7 motif is characteristic of a canonical Zn binding loop (29) , C 3 and H 7 are not present in any other zinc coordinating anti-sigma factors except RsrA of S. coelicolor (Fig. 3) , making it rather unlikely that it represents the general zinc binding motif of this protein subfamily. Zinc confers considerable stability to RsrA under nonstress conditions, and is crucial for preventing the spontaneous air oxidation of RsrA's cysteines (55) . Upon exposure of RsrA to disulfide stress and formation of disulfide bond(s), zinc is rapidly released (55) . Similar to Hsp33, this leads to significant conformational rearrangements in RsrA. Secondary structure analysis of RsrA revealed that reduced RsrA contains ~20% ␣-helix, ~30% ␤-sheet, whereas oxidized RsrA is 30% ␣-helical and ~20% ␤-sheet (55). These conformational changes appear to lower the affinity for the sigma factor and are the likely trigger of the R response.
Interestingly, while C 11 , which plays the leading role in RsrA's redox regulation, is highly conserved within the RsrA subfamily, in ChrR from Rhodobacter sphaeroides the fourth zinc ligand is a histidine (H 6 ) (Fig. 3) . Mutational analysis of ChrR from R. sphaeroides together with the recently solved   FIG. 3 . N-terminal sequence alignment of zinc containing anti-sigma factors. The HX 3 CX 2 C motif is conserved in all members of the zinc containing anti-sigma factor family. C 11 is conserved in RsrA subfamily while the equivalent H 6 is conserved in ChrR subfamily. The zinc-binding residues are indicated with arrows. Sc, Streptomyces coelicolor RsrA, CAB94602; Nf, Nocardia farcinica IFM 10152 putative RsrA homologue, YP_120798; Kr, Kineococcus radiotolerans SRS30216 putative RsrA homologue, EAM75201; Cj, Corynebacterium jeikeium K411 RshA, CAI37796; Rs, Rhodobacter sphaeroides ChrR, ZP_00004392; Rp, Rhodopseudomonas palustris CGA009 ChrR, NP_945902; Ps, Pseudomonas syringae pv. syringae B728a ChrR, YP_233987; VC2301, crystal structure of ChrR in complex with its cognate sigma factor RpoE, revealed that H 6 indeed takes the place of C 11 in ChrR and coordinates zinc together with the absolutely conserved HX 3 CX 2 C motif (E. Campbell, S. Darst, R. Greenwell and T. Donohue, personal communication). In contrast to RsrA, however, ChrR does not seem to be regulated by oxidative stress (H 2 O 2 ) (63), agreeing with the notion that it lacks the critical C 11 . However, it was recently shown that ChrR senses and responds to singlet oxygen (3). Thus, it is conceivable that zinc coordinating anti-sigma factors that contain C 11 might be regulated by disulfide stress while those with histidine as the fourth zinc ligand respond to different oxidants such as singlet oxygen or other unknown signals (3) . This very attractive model remains to be experimentally verified.
REDOX-REGULATED ZINC PROTEINS: A COMMON MECHANISM
This review focuses on two proteins, whose activity is regulated by the oxidation of critical cysteine residues that form a zinc center under nonstress conditions. Common and central to this new form of functional regulation is the conformational change that accompanies the oxidative stress induced release of zinc and which alters the protein function. The individual conformational changes that Hsp33 and RsrA undergo upon the oxidation of their zinc centers are, however, rather specific and quite intriguing. Even though both proteins lose the structural stabilization otherwise provided by zinc binding, the C-terminal redox domain of Hsp33 completely loses its structure upon oxidation and zinc release (26), whereas RsrA "simply" reorganizes its secondary structure (55) . One possible explanation is that the disulfide bonds in Hsp33 are close in range and do not compensate for loss of the metal cross-link, whereas the disulfide bond(s) in RsrA are far apart in the primary sequence and thus bring together distant regions of the protein in a new way that may compensate for the loss of the metal cross-link. However, as there are currently no structural data available for RsrA in either redox conformation, it is difficult to speculate exactly how the structure changes upon oxidation and reduction.
What are the other advantages of using zinc as part of a redox switch domain apart from its potential to amplify conformational changes significantly? It has been suggested that zinc binding enhances the reactivity of the cysteine to which it is bound by stabilizing the negative charge on the thiolate anion, thereby lowering its pK a value and making the cysteine more reactive to H 2 O 2 at near neutral pH (31, 59) . Because zinc(II) itself is a redox-inert metal, this arrangement would also guarantee that the redox chemistry is limited to the coordinating cysteines and does not involve the metal. This would prevent unwanted side reactions of the metal with water or oxygen that could potentially create additional ROS. Also, because oxidative modification of the coordinating cysteines causes metal release, Fenton chemistry would further exacerbate the oxidative stress inside the cell if the coordinated metals were redox active (50). Last but not least, it has been speculated that the released zinc might have additional significant biological relevance as cellular antioxidant (10) .
ZINC CENTERS AS REDOX SWITCHES 843
The discovery that an increasing number of prokaryotic and eukaryotic proteins involved in many different pathways use their structural zinc sites as redox-regulatory devices to adjust their protein activity to the redox conditions of the environment, suggests that this form of redox signaling might represent one of the central events in redox biology.
